Electron capture by Li ϩ ions from aligned Na(25p) Rydberg atoms was measured as a function of the approach angle between the alignment axis of the target-atom wave functions and the ion-beam direction, over a range of reduced velocity ṽ ϭ1.0-2.0, where ṽ ϭv ion /v e . A Stark barrel was used to generate uniform rotatable electric fields over the collision volume and to align Rydberg atoms along the field at arbitrary angles over a full range of 360°. A mixture of Na(25p) fine-structure levels was prepared in the Stark barrel by two-step pulsed laser excitation in the presence of a moderate electric field ͑about 56 V/cm͒ followed by adiabatic switching and rotation to 1.8 V/cm. The relative capture cross section, which varied sinusoidally as a function of the alignment angle, had maxima at 0°and 180°and minima at 90°and 270°throughout this velocity range, showing a strong preference for capture from the endwise arrangement. The alignment effect weakened as the projectile velocity was increased. The Rydberg-state results differ in both magnitude and trend from those based on low-lying aligned states. The spin-independent asymmetry parameter was inferred from the angle-dependent capture cross sections after the spin-orbit depolarization effect in the mixed Rydberg p state was fully accounted for so that the results correspond purely to molecular ⌺ and ⌸ collision geometries.
I. INTRODUCTION
If a target atom at rest in the laboratory is in an anisotropic state the outcome of collisions from the impact by particles in an approaching beam may depend on what ''face'' the atom presents to the beam. The corresponding variation of outcomes, measured by cross sections as a function of all relevant parameters, is referred to collectively as initial-state alignment and orientation effects ͓1͔. Since 1990 ͑preceded in the 1980s by very few preliminary experimental ͓2,3͔ and theoretical ͓4͔ studies͒ the investigation of these effects in eV-to-keV energy ion-atom collisions has become a mature field, approaching the complete or perfect scattering experiment envisioned by Bederson ͓5͔. It is certainly not necessary-in fact it is inconceivable-to carry out such studies with every combination of projectile, target atom, energy, initial and final state, and so forth. Indeed it is hoped that a few carefully selected and thoroughly investigated examples will suffice by revealing general principles and suggesting fruitful paths for further research. For this reason-together with very significant practical circumstances-almost all experimental and theoretical studies of alignment and orientation effects in electron capture have focussed on alkali target atoms, nearly always Na ͑or Li͒, and nearly always in the lowest excited ᐉϭ1 angular-momentum 3p ͑or 2p) state. In these studies a great deal has been learned ͓1͔.
At projectile speeds up to about 1 a.u. ͑corresponding to ratios of kinetic energy to mass up to 24.8 keV/u͒ the outershell p electron in such a case is captured by a singly charged ion dominantly into one or at most a few other low-n, low angular-momentum ᐉ states ͓6͔. These final states normally ͑except, for instance, in H͒ have distinct binding energies and energy defects that are both exoergic and endoergic with respect to the initial state. Consequently if there are underlying mechanisms or principles at work through which target anisotropies influence collisional outcomes they are glimpsed only through a few tightly constrained channels.
In the realm of highly excited Rydberg atoms ͓7͔, considered as possible ion-atom collision targets, electron capture can and does proceed into a quasicontinuum of final states, in the sense of both binding energies and spatial varieties, residing on the projectile ͓8͔. Rydberg atoms can be excited with the same anisotropies-in fact a much wider range-as low excited states. They can moreover be controlled during their many-s lifetimes by weak external fields ͓9͔. Because of the property of classical similarity ͓10͔ and the great success with which classical trajectory Monte Carlo ͑CTMC͒-not to mention semiclassical impact parametermethods have described most features of alignment and orientation to date, one ought to be able to study the same physics with Rydberg-atom targets as with 3p or 2p targets, possibly to advantage. Two limited studies of alignment effects in electron capture from Na(nd) Rydberg states, n ϭ20-28, ᐉϭ2 have been published ͓9,11,13͔.
We report here the measurement of initial-state orbital alignment effects in electron capture from a Rydberg p state in the collisions of Li ϩ with Na, laser excited to a wellcharacterized mixture of aligned 25p sublevels in a kineticenergy range, 298 -1191 eV, where the ratio of projectile velocity to average target electron velocity in the 25p state ͑the ''reduced velocity''͒ varies from ṽ ϭv ion /v e ϭ1.0 to 2.0. Here, v e ϭc␣/n* is the root-mean-square velocity of an electron in an atomic state having effective principal quantum number n*ϭnϪ␦, where ␦ is the quantum defect ͓7͔, ␣ is the fine-structure constant, and c is the speed of light. For Na(25p), n*ϭ24.15. The target-alignment experiments are carried out by adiabatically rotating the aligned 25p mixed state, after its excitation by linearly polarized pulsed lasers, in a weak uniform electric field so that the atoms can be exposed to the oncoming ion beam at each desired angle.
The orbital p-state mixture, at least in the absence of the orbital locking that may occur at low velocity ͓12͔, leads to a sinusoidal variation as a function of alignment angle in the scattering-angle-integrated cross section for capture. ͑The sinusoidal variation might have any amplitude relative to a nonzero average value, but unless perturbed by the environment it must be symmetrical about 0°/180°and 90°/270°a ngles relative to the projectile-beam direction. By using linearly polarized lasers and by collecting all neutralized capture products regardless of their scattering angle, final-state quantum numbers, or angular-momentum properties, we make irrelevant all effects of orientation, left-right scattering asymmetry, spin polarization, etc. ͓1͔.͒ The fact that a purely sinusoidal variation with respect to alignment angle over the full circle of rotation was indeed observed is a corroboration that the adiabatic evolution was being accomplished as intended in the ''Stark barrel'' ͓14͔ that provided the controlled electric fields and that the apparatus was working in other respects as required. An analysis of the laser excitation, Stark mixing, spin-orbit depolarization, and adiabatic transition to near-zero field has allowed us to interpret the measured relative variation of total electron capture with alignment-angle ␤ in terms of a standard initial-state alignment parameter A ͓15͔, which is related to partial capture cross sections for ⌺ and ⌸ molecular-orbital scattering geometries.
We report values of A and compare them with corresponding experiments and theory, from which they differ significantly, and we suggest some interpretation of the differences shown by the Rydberg-atom data. In Sec. II the experimental apparatus and method will be described. In Sec. III orbital alignment and spin-orbit depolarization will be analyzed, and in Sec. IV the experimental results will be presented. Discussion concludes the paper in Sec. V. In the Appendix we outline an analysis of orbital alignment and spin-orbit depolarization for a target Rydberg Na(nd) state. Figure 1 shows the experimental setup used in this work. Na atoms emitted from a vapor oven pass between the staves of the Stark barrel ͓14͔. Rapid switching of the electric field is required to manipulate Rydberg atoms electrically within a few microseconds ͑since they move at thermal velocities of order 1 mm/s) without violating adiabaticity ͓16͔. The Stark barrel produces quasiuniform electric fields over a volume of order 1 cm 3 , and the field can rapidly be switched in both magnitude and direction under computer control without physically moving any electrodes. Most aspects of the apparatus and techniques have been described in previous publications ͓17,18͔.
II. APPARATUS AND METHOD
The direction of the initial Stark field is parallel ͑or antiparallel͒ to the z axis ͑the axis of the accelerated ion beam͒ to define the quantization axis during laser excitation. Afterward, it is switched to a lower-intensity barrel field at an angle ␤ from the z axis in the horizontal plane by control electronics. The keV-energy Li ϩ ion beam passes between the staves and bombards the cloud of laser-excited alkalimetal atoms near the center of the Stark barrel. Na Rydberg atoms are detected by state-selective field ionization ͓7͔ after they drift out of the Stark barrel in the x direction, while ion-beam control and collision-product detection units are arrayed along the z direction. Laser beams for excitation of the Rydberg states intersect the Na atomic beam from above and head-on at a point located a few mm in the upstream-x direction from the ion-atom intersection point, which lies on the symmetry axis of the barrel and is reached by the laserexcited atoms after about 2 s drift time. Both laser beams are linearly polarized parallel to z to satisfy the ⌬m j ϭ0 electric-dipole selection rule for the excitation from the ground-state Na(3s 1/2 ). Figure 2 shows an energy map of the Na Stark states near the nϭ24 Rydberg manifold. We preset the Stark field to 56 V/cm to separate the Stark-shifted 25p state from the n ϭ24 manifold and to simultaneously maximize its excitation efficiency through the mixing of d-state character into the 25p state. At a higher field 167 V/cm, individual Stark states in the nϭ24 manifold are resolved adequately for experiments with linear, elliptic, or circular states ͓19͔ reached through the highest linear Stark state that arises out of the Na nϭ24 manifold. The 25p state, however, is neither as well separated there from the nϭ24 manifold nor is it as strongly excited from the intermediate Na(3p) state as it is at the lower field 56 V/cm. At this lower field, the states of the linear manifold are not well resolved, but the best compromise between excitation efficiency of the Na(25p) state and separation from neighboring states is obtained. due to 300-K blackbody radiation ͓20͔ were reduced by cooling the environment of the Stark barrel by contact with a nearby LN reservoir.
Ions extracted from a Li ϩ thermionic emitter ion source ͓21͔ were accelerated to velocity v ion ϭͱ(2eV acc )/M by acceleration voltage V acc in the ion optics, where M is the projectile mass and e is the electronic charge. At kinetic energy E(eV)ϭeV acc they have a dimensionless reduced velocity ṽ :
After passing through the Stark barrel, unreacted Li ϩ projectile ions were separated from neutral Li capture products by electrostatic deflection, and the remaining background of fast Li atoms neutralized into ground or rapidly decaying low-lying states in the background gas of the chamber was blocked by a 3 g/cm 2 carbon foil in a total Rydberg charge-transfer detector ͓18,22͔. Capture products in Rydberg states underwent field ionization and acceleration, and they penetrated the foil with about 90% efficiency to reach a channel electron multiplier. The detector registered individual events, which were gated and counted in synchronism with the flashing of the lasers and the flight time to the detector. All final Rydberg states having 15рnр70 were counted, and we assume that the target-alignment effects in the capture cross section from Na(25p) at given energy can be accurately assessed by studying the variations in this number despite the loss of an unknown-but small-fraction of capture events in which states having n values outside this range were populated ͓8͔. The higher-n limit of the detection system was imposed by field ionization in the electrostatic deflection plates, and the lower-n limit was set by the maximum longitudinal electric field that could be applied to fast atoms in the detector before they struck its carbon foil.
To ensure that ambient magnetic fields did not cause precession of aligned Na(25p) target atoms during their few-s time in the target region, stray fields caused by the earth and nearby magnetic materials were canceled within 10 Ϫ4 G by external Helmholtz coils. The field cancellation, which was initially monitored by a fluxgate magnetometer, was checked during experiments by confirming the expected symmetry of the alignment effect on electron capture as a function of coil currents.
A systematic error can occur in which a spurious dependence of the capture rate on alignment angle is generated by small deflections of the incident ion beam by the weak ͑0.5 to 2 V/cm͒ transverse electric field in the Stark barrel. During the scan through target-alignment angles ␤, this field would be oriented in directions spanning 360°. Small variations of the overlap of ion beam and Rydberg atoms might hide or distort the alignment-angle angular dependence of the capture cross section. The weak field cannot be eliminated completely, because it is needed to overcome any randomly oriented stray field and to guarantee the stable alignment of target atoms while they are exposed to ion impact. To test the limits of this spurious systematic effect, we periodically measured the capture from Na(25s) to confirm that its isotropy was not corrupted by small deflections of the incident ion beam.
The alignment-angle dependence of the relative electroncapture cross section of Li ϩ ions from the Na(25p) state was measured for reduced velocities ṽ ϭ1.0-2.0 in steps of 0.2.
III. ORBITAL ALIGNMENT AND SPIN-ORBIT DEPOLARIZATION
A. Two-step laser excitation of the 25p mixed state
The Rydberg Na(25p) state excited by two-step laser excitation and adiabatic switching of the Stark field from 56 V/cm to 1.8 V/cm is a mixture of 25p 1/2 and 25p 3/2 levels since the dye laser cannot resolve the 0.012 cm Ϫ1 separation between 25p 1/2 and 25p 3/2 components ͑see Fig. 2͒ . Furthermore, it is desirable in our analysis to decompose the laserexcited mixed state into separate orbital and spin components and to allow for the adiabatic rotation of the quantization axis in the changing electric field of the Stark barrel. The final outcome of this analysis will be to relate the observed alignment-angle dependence of the electroncapture cross section to the ratio of partial capture cross sections for endwise and sideways approaches of an ion to the p-type orbital of the Rydberg state, from which effects of spin-orbit precession of angular momenta L ជ and S ជ about their resultant space-fixed J ជ have been removed. This ratio will be expressed in the form of a dimensionless alignment parameter A ͓15͔ at each collision velocity ṽ .
The first excitation step from the ground state uses a ''yellow'' laser tuned to resonantly excite Na(3p 1/2 ) ͑wavelength ϭ589.6 nm) or Na(3p 3/2 ) (ϭ589.0 nm) as desired, over- FIG. 2 . Stark map illustrating the optimal electric fields BB for Na(25p) and AA for manifold-Stark-state excitation. Solid curves, m ᐉ ϭ0 ͑spinless͒; dotted curves, ͉m ᐉ ͉ϭ1.
lapping all hyperfine components of the corresponding 3s →3p transition. Thus the excitation can be analyzed while the nuclear-spin degree of freedom is neglected completely ͓23͔. In the second step of laser excitation, a ''blue'' wavelength near 411 nm is used to reach the sublevels of the Stark eigenstate that connects adiabatically at zero field with the 25p j ( jϭ1/2,3/2) fine-structure doublet. We will refer to these Stark sublevels as the ''25p Stark state,'' with the understanding that the eigenstates have mixed parity and angular-momentum character except at zero field.
Since the two lasers are linearly polarized parallel to the initial Stark field and because, even in the presence of the electric field where total-angular-momentum j is not a good quantum number, cylindrical symmetry allows a description in terms of the eigenvalue m j of J z , the electric-dipole selection rule ⌬m j ϭ0 guarantees that the populated 25p Stark sublevels are characterized strictly by m j ϭϮ1/2. The Stark level contains, however, a mixture of ᐉ character from ᐉ ϭ0 to nϪ1. Furthermore, there are two fine-structure levels split slightly in energy by the spin-orbit effect, and each of these is doubly degenerate. ͑The energy depends only on ͉m j ͉.͒ Diagonalization of the spinless Stark Hamiltonian with quantum defects by the method of Zimmerman et al. ͓24͔ showed that s-state admixtures in the 25p Stark state are negligible relative to d-state admixtures at fields below 200 V/cm. The dominant optical coupling into the 25p Stark state in the second excitation step is therefore the electric-dipole coupling from 3p to 24d components in the Stark field. Diagonalization of the Stark-spin-orbit Hamiltonian with a restricted basis consisting only of neighboring significantly coupled states 25s 1/2 , 24d 3/2 , 24d 5/2 , 25p 1/2 , 25p 3/2 , and 26s 1/2 , showed that the levels were connected to the fieldfree 25p doublet levels in the manner shown in Fig. 3 .
Excitation amplitudes were traced from the ground state through the selected fine-structure level of the 3p j 0 state ( j 0 ϭ1/2 or 3/2) into the spin-orbit sublevels of the ᐉ-mixed 25p Stark state and then down to the low-field limit F barrel р2 V/cm. The 25p state reached after adiabatic turndown of the field is an incoherent mixture of 25p 1/2 and 25p 3/2 , ͉m j ͉ϭ1/2 components. ͑When originally reached there may be a coherence between jϭ1/2 and 3/2 components of the mixture, but they rapidly dephase at the doublet splitting frequency 400 MHz.͒ The adiabatic turndown of the electric field does not alter the relative populations of 25p 1/2 and 25p 3/2 in this mixture. Next we calculated the relative populations of m ᐉ ϭ0 and ͉m ᐉ ͉ϭ1 contents of the mixed Na(25p) state by using Clebsch-Gordan coefficients. Finally, by applying the Wigner rotation operators we calculated the relative m ᐉ contents of the final state when it was rotated by angle ␤ relative to the z direction by the adiabatic action of the Stark barrel. Full details of this calculation may be found in Ref. ͓25͔ .
The relative populations of 25p 1/2 and 25p 3/2 in the final mixed state at low field may be determined by diagonalization as a function of the initial Stark field ͑e.g., 56 V/cm͒, in which all eigenstate admixtures and electric-dipole excitation paths are included. Figure 4 shows the j mixing probability in the Rydberg final state ͉⌿ ( j 0 ) ͘ in the low-field limit versus the initial Stark field, where superscript j 0 refers to the choice of intermediate state 3p 1/2 or 3p 3/2 . Figure 4͑a͒ shows that in an electric field above 60 V/cm, ͉⌿ (1/2) ͘ contains a mixture of 39% and 61% of 25p 3/2 and 25p 1/2 states, respectively. Figure 4͑b͒ shows that ͉⌿ (3/2) ͘ contains a mixture of 78% and 22%, respectively.
Gallagher et al. ͓26͔ stated that Na Rydberg states np 1/2 and np 3/2 could be selectively populated through Stark mixing by using 3 p 1/2 and 3 p 3/2 intermediate states, respectively. This corresponds to our calculation, however, only near zero field where the efficiency to excite the Rydberg np state via 3p is poor. In fields from 50 to 100 V/cm, where excitation of 25p is more efficient, the 25p 1/2 or 25p 3/2 component in the final state cannot be selected uniquely by using 3p 1/2 or 3 p 3/2 because of spin-orbit coupling. The relative mixing probabilities of the two j levels in the final state is, however, calculable as shown here and leans strongly toward Gallagher's prediction.
At fields where the Stark interaction is much stronger than the spin-orbit interaction, that is, at fields F Ϸ50-100 V/cm, the eigenvector of the level shown by solid curves in Fig. 3 contains only ͉m ᐉ ͉ϭ1 and that shown by FIG. 3 . The fine-structure splittings of Na(25p) Stark states. ͑a͒ The 25p 3/2 , ͉m j ͉ϭ3/2 state marked by the dashed line separates from 25p 3/2 , ͉m j ͉ϭ1/2, marked by the dotted line, and joins 25p 1/2 , ͉m j ͉ϭ1/2, marked by the solid line as the electric field increases. ͑b͒ An enlarged view of the quadratic Stark shifts in small fields.
dotted curves contains only m ᐉ ϭ0. ͑The level shown by dashed curves has ͉m j ͉ϭ3/2 at all fields and is not excited.͒ Figure 4 shows that the relative proportions of the 25p j states saturate above 60 V/cm. The m ᐉ contents in the final 25p mixed states can be derived in this field region simply by using Clebsch-Gordan coefficients together with the connections shown in Fig. 3 avoiding any diagonalization. The calculation based on this approximation yields the following ͑the symbol is used to indicate an incoherent mixture͒: 
͑3͒
The 25p 3/2 , ͉m j ͉ϭ1/2 state has 66% of m ᐉ ϭ0 component, and the 25p 1/2 , ͉m j ͉ϭ1/2 state has 33% of m ᐉ ϭ0.
B. The angle-dependent electron-capture cross section
The angle-dependent cross section from a spinless p state
We use the standard molecular-orbital designations ⌺ and ⌸ to describe the collision geometry formed by a projectile ion and a target state. The alignment of the target state is achieved by an adiabatic switching method in which the electron distribution of the target atom is dragged around by the barrel field. The aligned 25p-state target atom has axial symmetry about the external electric field.
A Li ϩ ion projectile and an m ᐉ ϭ0 Na(np) Rydberg state constitute a ⌺ molecular geometry at asymptotically large internuclear separations in which the major axis of the electron distribution is parallel to the direction of the projectile ion beam ͓15͔. We label the capture cross section in the ⌺ geometry by 0 . In a ⌸ molecular state the major axis of the angular probability density is perpendicular to the direction of the ion beam, and the capture cross section in the ⌸ collision geometry is labeled by 1 .
In the 25p state, a calculation of the sublevel components m ᐉ ϭ0 and m ᐉ ϭ1 is required as a function of barrel field angle ␤. As shown above, the fine-structure levels 25p 1/2 and 25p 3/2 are mixed by two-step laser excitation in the presence of electric field. The 25p target state that is obtained by rotating the direction of the barrel field thus forms a mixture of ⌺ and ⌸ collision geometries that depends on ␤.
A rotated p z orbital can be represented by using Wigner rotation matrices d m Ј ,m j (␤) ͓27͔ as follows ( jϭ1). R(␤) represents the rotation operator for a rotation by angle ␤ about the y axis:
where the spherical harmonics Y ᐉ,m (,) are defined in terms of the usual spherical polar coordinates in the unrotated frame. The total rate of capture from Y 1,1 equals that from Y 1,Ϫ1 because of the cylindrical averaging over impact parameters and capture products. Since the rotated p z orbital is merely a linear combination of unrotated p z and p x (Y 1,1 ϪY 1,Ϫ1 ) orbitals, the capture cross section at alignment angle ␤ can be written in terms of partial cross sections from p z and p x :
Thus we see that (90°)ϭ 1 (⌸ collision geometry͒ and (0°)ϭ 0 (⌺ collision geometry͒. The p-state electroncapture asymmetry parameter is defined ͓15͔ as
and the cross section at any approach angle ␤, measured from the z axis, is thus
͑7͒
In the actual experiment, the orbital asymmetry of the spinless electronic state is diluted by spin-orbit precession ͓28 -30͔, and so the capture anisotropy A actually measured by fitting the data to this sinusoidal dependence will be smaller in magnitude than it would be without spin-orbit effects.
The angle-dependent capture cross section in the presence of spin-orbit depolarization
When we allow for electron spin and the spin-orbit effect we have a representation of the laser-excited state as an incoherent mixture of ͉25p 1/2 , m j ϭϮ1/2͘ and ͉25p 3/2 , m j ϭ Ϯ1/2͘, where m j ϭϩ1/2 or Ϫ1/2 depends on the assumed initial m j of the ground-state 3s 1/2 atom. The reference axis of these 25p wave functions is also rotated to angle ␤, so we must reexpress this mixture in terms of the original unrotated frame ͑tied to the incident beam direction͒ in order to write the capture cross section in terms of 0 and 1 .
The 
͑11͒
The capture cross sections given in Eqs. ͑10͒ and ͑11͒ can be written in terms of the capture asymmetry parameter A ( j 0 ) , where superscript j 0 refers again to the choice of 3p intermediate state:
where K is an angle-independent function of the two partial cross sections. The capture asymmetry parameter for 3p 1/2 excitation is thus
where A (1/2) ranges from Ϫ3/19 when 0 ϭ0 to ϩ3/11 when 1 ϭ0. Also, the capture asymmetry parameter for 3p 3/2 excitation is
where A (3/2) ranges from Ϫ3/10 when 0 ϭ0 to ϩ6/13 when 1 ϭ0. A convenient way to plot the variations of both A (1/2) and A (3/2) in terms of the partial cross sections is to define a ratio rϭ 1 / 0 ϭtan͓(1ϩx)/4͔, or xϭ(4/)tan Ϫ1 (r)Ϫ1, so that the parameter range Ϫ1рxр1 spans from 1 / 0 ϭ0 to 0 / 1 ϭ0. Also, xϭ0 corresponds to 1 ϭ 0 , the case where no alignment effect in the collision is possible. Figure 5 demonstrates the spin-orbit effect on the asymmetric behavior of the electron capture cross section from the Rydberg Na(25p) j-mixed state as a function of x. The asymmetry parameter A for the spinless alignment of the electronic system is marked with solid circles in the vertical range from Ϫ1 to 1. When the asymmetry parameter is positive ͑left half of Fig. 5͒ , the electron capture from 0 is stronger than that from 1 . The range of capture asymmetry is reduced by spin-orbit precession, which yields the effective parameter A (3/2) plotted with open circles and A (1/2) plotted with solid triangles in Fig. 5 . If the first laser is tuned to excite Na(3p 3/2 ), the asymmetry is reduced approximately to the range from Ϫ0.3000 to 0.4615. More than 50% of the asymmetry is averaged away by spin-orbit precession. The spin-orbit precession reduces the asymmetry parameter even more if the first laser is tuned to excite Na(3p 1/2 ) level. As shown by the solid triangles in Fig. 5 , A (1/2) takes the range from Ϫ0.1579 to 0.2727. The positive maximum values of both A
(1/2) and A (3/2) for 1 ϭ0 are larger in magnitude than their negative minimum values for 0 ϭ0 in Eqs. ͑13͒ and ͑14͒.
The direct calculation illustrated in Fig. 4 yields at the high-field limit the maximum value 0.4902 for A (3/2) , which is Ϸ6% larger than 0.4615, and the minimum value Ϫ0.3247, which is Ϸ8% lower than Ϫ0.3000. For the A (1/2) parameter the direct calculation yields the maximum value 0.2661, which is Ϸ2% smaller than 0.2727, and the minimum value Ϫ0.1535, which is Ϸ3% above Ϫ0.1579. ͑It should be stressed that what value of A or A ( j 0 ) actually occurs depends on the ion-atom collision physics. In this analysis we are only describing the possible limits of observable anisotropy.͒
IV. RESULTS
A. The spin-orbit depolarization effect on the apparent capture cross sections from aligned Na"25p… states
The total-angular-momentum j content in the final mixed Na(25p) state depends on which excitation route-via 3p 1/2 or via 3p 3/2 -is used. To test the spin-orbit depolarization effect experimentally, we measured the capture cross sections at ṽ ϭ1.2 and 1.4 for both 3p intermediate states, using Stark field 80 V/cm ͑where the 25p Stark shift is essentially linear and ''hydrogenic''͒ and barrel field 1.86 V/cm. The effective asymmetry parameters were obtained by fitting the data with the functional form given by Eq. ͑12͒. In Fig. 6͑a͒ ͑reduced velocity ṽ ϭ1.2), we obtained A (3/2) ϭ0.435 Ϯ0.035 and A (1/2) ϭ0.257Ϯ0.024. In Fig. 6͑b͒ (ṽ ϭ1.4) , we obtained A (3/2) ϭ0.389Ϯ0.028 and A (1/2) ϭ0.236Ϯ0.023. These four cases are marked with asterisks in Table I . We can estimate the ratio rϭ 1 / 0 , or the spinless asymmetry parameter A, from the effective asymmetry parameters at each velocity by using Eqs. ͑13͒ and ͑14͒:
and Aϭ 33A .
͑15͒
At each of the two velocities these expressions yield the same value of A within the Ϸ10% statistical error, which may be seen by comparing A values in the third column of the table at corresponding velocities. This confirms that the experimental results are consistent between the two 3p excitation routes. It may be noted in both cases that A is greater than 0.85 and thus the capture in ⌺ configuration ͑endways͒ dominates that in ⌸ configuration ͑crosswise͒. The preparation of 25p through the 3p 1/2 intermediate state leads to more-severe spin-orbit depolarization of the aligned state, which makes the true asymmetry effect in capture more difficult to see or extract above statistical noise in this case.
B. The approach-angle-dependent capture cross section from an aligned Rydberg Na"25p j … state
For the measurement of the velocity-dependent capture cross section, we selected the 3p 3/2 state as the intermediate state because of the milder spin-orbit depolarization that results.
The initial electric field was set at 56 V/cm pointing upstream toward the ion source, and the Stark field was adiabatically switched to the low barrel field 1.86 V/cm with simultaneous rotation to angle ␤ to prepare the aligned Rydberg Na(25p) target state before collision. The capture cross section was measured for projectile velocities from ṽ ϭ1.0-2.0 ͑Fig. 7͒. The displayed results have been normalized to set the ␤-averaged cross section equal to one exactly to exhibit the depth of modulation on comparable scales. The measurement of capture at ␤ϭ0°͑downstream͒ was skipped to avoid a possible violation of adiabaticity in the Stark barrel during exact field reversal ͓32͔. The capture cross section shows the expected reflection symmetries about 0°/180°and 90°/270°angles. The height difference between peak and dip of the normalized curves is approximately 1.1 at ṽ ϭ1.0, and FIG. 6. Spin-orbit depolarization reduces the apparent capture asymmetry, more severely when 25p is reached via 3p 1/2 than via 3p 3/2 . Solid dots and full line: 3p 3/2 excitation data and sinusoidal fit. Open circles and dashed line: 3p 1/2 excitation data and sinusoidal fit. ͑a͒ ṽ ϭ1.2 and ͑b͒ ṽ ϭ1.4. it falls to 0.4 at ṽ ϭ2.0 as the projectile velocity decreases.
The fitted effective asymmetry parameter values A (3/2) are plotted in Fig. 8͑a͒ . From the effective asymmetry parameter values A
(1/2) and A (3/2) we find the spinless asymmetry parameter values A via Eq. ͑15͒. The results are shown in Fig.  8͑b͒ and given in Table I . The derived A values at ṽ ϭ1.0-1.2 are slightly greater than 1.0, which is the upper limit for A, but the values are ''physical'' within error bars. The very close agreement between capture asymmetries inferred from the alternative excitation paths is a corroboration of the analysis of Sec. III.
V. CONCLUSION
Only five previous experimental studies have measured initial-p-state electron-capture alignment effects in the velocity region encompassing ṽ ϭ1 ͓33-37͔. All of them were performed with a Na(3p) target, the projectiles being H ϩ ͓35͔, He 2ϩ ͓33͔, Li ϩ ͓36͔, C 4ϩ ͓37͔, and O 6ϩ ͓34͔. There is little resemblance in the values or trends in the previous cases to those of the present Rydberg-atom study and considerable contrast even among these five. With H ϩ and He 2ϩ projectiles, A is approximately zero at the matching velocity ṽ ϭ1, rising toward AϷ0.7 near ṽ ϭ1.5. With Li ϩ projectiles, A is negative at the matching velocity rising toward zero at the highest velocity studied, ṽ ϭ1.13. With C 4ϩ and O 6ϩ opposing trends are found, with A near zero at ṽ ϭ1 moving slightly positive and slightly negative at increasing velocities, respectively. Our results with a Na(25p) Rydbergstate target show that Aϭ1 at ṽ ϭ1, falling almost linearly to Aϭ0.5 at ṽ ϭ2. While values of A near zero indicate no preference in electron capture for target atoms to be aligned so that they are encountered endwise or sideways, our result corresponds to a strong preference for the endwise alignment. The sublevel partial cross section 1 for capture from a sideways-aligned Rydberg-state p orbital is never more than one-third as great as 0 in this velocity range.
This preference for capture from target alignments parallel to the incident projectile momentum near the matching velocity echoes results from three other Rydberg-atom studies. Wörmann et al. ͓11͔ studied capture by Ar ϩ incident on individual Na(nd) orbital magnetic sublevels, ͉m ᐉ ͉ϭ0, 1, and 2, for nϭ20-28, and found partial cross sections in approximate ratios 0 : 1 : 2 ϭ10:8:5. This indicates a moderate preference for endwise encounters, and the data showed a trend toward stronger alignment effects up to ṽ ϭ1.6. Day and co-workers ͓13,9͔ studied capture by Na ϩ and K ϩ ions from Na(nd), nϭ21, 24, and 28, prepared by parallel and perpendicular polarizations of the second-step ͑i.e., 3p 1/2 →nd) laser light relative to the projectile beam. Although a complete separation into the three partial cross sections was not possible, Day observed a moderate and strengthening preference for parallel alignment with velocities increasing up to ṽ ϭ1.2. ͑The Appendix outlines a direction-of-approach analysis for Rydberg d-state experiments similar to what was used for p states in the present work.͒ Capture experiments at ṽ у1 with directed linear Rydberg states ͓18͔ and with circular and coherent elliptic Rydberg states ͑CES͒ ͓19͔ have consistently shown a preference for capture from geometries that accentuate the elongation of the FIG. 7 . Electron-capture cross sections (␤)/ avg for Li ϩ ion impact on Na(25p) atoms excited through 3p 3/2 as a function of alignment angle ␤ for a given reduced velocity. The solid curves represent fits to Eq. ͑12͒. ͑a͒ ṽ ϭ1.0, ͑b͒ ṽ ϭ1.2, ͑c͒ ṽ ϭ1.4, ͑d͒ ṽ ϭ1.6, ͑e͒ ṽ ϭ1.8, and ͑f͒ ṽ ϭ2.0. initial-state electronic orbital along the incident ion direction and/or emphasize electronic motion parallel ͑but not antiparallel͒ to the projectile velocity. In the case of the paritymixed linear and CES it is even possible to distinguish between upstream and downstream elongations and, without measuring the tiny projectile deflections, to distinguish copropagating from counterpropagating motion. Separation between the effects of spatial and velocity overlap and of distinctions of ''head versus tail steric effects'' ͓18,38͔ is not possible in the experiments with initial p states. Initial-p-state electron-capture alignment has been modeled as often by theory as it has been measured. Theoretical results have been obtained in the velocity region ṽ у1 by CTMC and by atomic-orbital impact-parameter closecoupling ͑AOCC͒ models. There is near unanimity with regard to the values and trends of A when capture to all final n shells is combined, but some n-shell-specific anisotropies A(n) show interesting contrasts. Both CTMC, which might be expected to translate automatically to the realm of Rydberg atoms, and the AOCC theories predict behavior of A that is exactly contrary to the results of the present experiment. ͑Note that our results are in broad agreement, as described above, with other ion-Rydberg experiments carried out by ourselves and two other groups.͒ CTMC has been used to obtain A for structureless projectiles H ϩ , He 2ϩ , and C 6ϩ incident upon circular states of H as well as Li(2p) and Na(3p) ͓4,33,39-44͔. At ṽ ϭ1 ͑ex-cept for the case C 6ϩ ) the anisotropy is near zero-usually slightly positive-and rises monotonically with increasing velocity. Lundy and Olson ͓40͔ have obtained A(2), A(3) , and A(4) separately for H ϩ ϩNa(3p). A(2), describing nearly resonant capture by protons to H(nϭ2), is large and nearly constant above the matching velocity, but A(3) and A(4), describing endoergic capture and contributing little to the total, are zero and negative, respectively, although they rise steeply and reach a positive plateau at velocity near ṽ ϭ1.2. The other notable difference from the theoretical norm occurs for C 6ϩ incident on Li(2p) ͓41͔, where the anisotropies for capture to C 5ϩ (nϭ7,8,10) are zero or negative at the matching velocity but rise ͑or, for the nϭ10→8 line emission, rises after first falling to Ϫ0.5) and become positive, still increasing, around ṽ ϭ1.5.
AOCC calculations for H ϩ , He ϩ , He 2ϩ , and Na ϩ projectiles incident on Na(3p) or Li(2p) ͓35,45-50͔ are likewise broadly consistent, with A rising steadily from small positive values as ṽ increases above 1.0.
Thus the evidence is plain that electron-capture initialstate anisotropy effects differ between the two regimes of highly excited atoms and the lowest excited states of alkali atoms. It is initially puzzling that CTMC should not have been consistent with the experiments, since it has been successful in nearly every other comparison with Rydberg experiments above-and sometimes even below ͓17͔-the matching velocity. States having significant core penetration, signaled by a significantly nonzero quantum defect may offer a special challenge to classical theories, which normally assume that the electron orbits about a structureless core in a suitable ensemble of nonprecessing Keplerian ellipses. Considered as a subensemble of the microcanonical ensemble of bound states having energy that corresponds to a fixed principal quantum number n, the p states of high n represent a much smaller fraction: They are all represented classically by highly eccentric orbits ͑eccentricities of order ⑀ϭ0.998 for ᐉϭ1 states of nϭ25). The p states represent 75% ͑or 33%͒ of the volume occupied in Hilbert space by atomic boundstate eigenfunctions having nϭ2 ͑or 3͒, but they represent less than 0.5% of those having nϭ25. These remarks simply serve to emphasize that in classical similarity scaling ͓10͔, ᐉ must be scaled along with n, i.e., the eccentricity held constant ͑see Ref. ͓19͔, Sec. 4 .4͒, which is certainly not done when CTMC results for fixed ᐉ are carried without change from nϭ2 or 3 to Rydberg states.
The n-shell resolved anisotropies A(n) obtained by some of the theories and experiments mentioned above reveal that the sensitivity of capture outcome to the alignment angle of an initial state is strongly connected with energy transfer, whether positive or negative. This truth is explored meticulously through state-to-state measurements and determinations of the complete collision density matrix ͓51͔, but this can unfortunately only be accomplished or contemplated for the lowest n and ᐉ states, because the size and complexity of In summary, we have measured the effect of initial-state orbital alignment on electron capture in Li ϩ ϩNa(25p) collisions in a well-characterized Rydberg state. The results, spanning the range of reduced velocities ṽ ϭv ion /v e ϭ1.0-2.0, indicate very strong preference for capture from parallel rather than perpendicular alignment of the p-state charge cloud. Comparing with a large body of experimental and theoretical ͑both quantal and classical͒ studies in the corresponding velocity range using Na(3p) or Li(2p) targets we find in our work a completely different pattern of outcomes, consistent with other ion-Rydberg collision studies. We believe, therefore, that important dynamical features of outer-shell single electron capture remain to be understood, notwithstanding major progress in alignment and orientation studies in the past two decades.
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APPENDIX: CAPTURE PARTIAL CROSS SECTIONS FOR A RYDBERG D-STATE TARGET
In Sec. III above we have outlined a means of extracting partial sublevel electron-capture cross sections in the case of a Na(np) Rydberg target based on laser excitation from the ground state through Stark mixing and an angle-of-approach collision method using the Stark barrel. In this appendix we describe the analogous case of a Na(nd) target and give results showing that the relative sublevel cross sections ͉m͉ (mϭ0, Ϯ1, and Ϯ2) can likewise be extracted. ͑For ᐉу3 a complete separation of partial cross sections cannot be effected via the 3p state because of the limit on tensorial rank imposed by j 0 р3/2 in the two-step excitation pathway ͓23,31͔.͒ Sodium nd Rydberg states are readily excited stepwise through 3p 1/2 or 3p 3/2 without Stark mixing ͓23͔. From 3 p 1/2 , only nd 3/2 is reached, but from 3p 3/2 both nd 3/2 and nd 5/2 are reached, with excitation rates in the ratio 1:54 given by the square of a 6 j symbol. In the absence of electron spin, and with lasers polarized parallel to a weak external electric field ͑used only to stabilize the atoms against precession in smaller random stray fields͒ only the orbital sublevel ͉ᐉ,m͘ ϭ͉2,0͘ would be excited. Its adiabatic rotation in the Stark barrel, as described above, would yield mixtures of all ͉ᐉ,m͘ for ͉m͉ϭ0, 1, and 2. An electron-capture experiment carried out as described above would yield an angle-dependent cross section ͑␤ ͒ϭ where ͉m͉ is the partial cross section for capture by Na(nd) atoms in ͑spinless͒ sublevel ͉ᐉ,m͘. By suitable choices of ␤, the three cross sections could be independently extracted by curve fitting.
In the presence of spin-orbit depolarization and in the case of unresolved excitation of the nd doublet levels, expressions analogous to Eqs. ͑10͒ and ͑11͒ may be obtained by angular-momentum algebra. The results are illustrated graphically in Fig. 9 , where coefficients p ͉m͉ The coefficients p ͉m͉ j (␤) that weight the relative contributions of the ͉ᐉ,͉m͉͘ sublevels to the angle-dependent capture cross section, Eq. ͑A2͒. Solid curves, mϭ0; dashed curves, ͉m͉ ϭ1; dotted curves, ͉m͉ϭ2. ͑a͒ nd 3/2 and ͑b͒ nd 5/2 .
are given for excitation of the nd j Rydberg levels, jϭ3/2 ͓Fig. 9͑a͔͒ and jϭ5/2 ͓Fig. 9͑b͔͒. In the case jϭ3/2 ͑which may be exclusively achieved by excitation through 3p 1/2 ) only the combination 0 ϩ 1 can be determined, not 0 and 1 separately. Separation of all three partial cross sections requires excitation via 3p 3/2 ͑i.e., j 0 ϭ3/2). In the latter case, when both levels of the d-state doublet are excited together, the results are nearly indistinguishable from those of Fig.  9͑b͒ . The three partial cross sections can be determined independently by measuring at suitable angles ␤ such as 0°, 45°͑or the ''magic angle'' 54.7°), and 90°. This experiment has not been performed ͑but cf. Refs. ͓9,11͔͒.
